Abstract The purpose of this study is to investigate the influence of cleavages on indirect tensile strength (ITS) of the granite. Brazilian disc tests and ring tests with three different hole sizes were performed. 2D DEM (Discrete Element Method) simulation was employed to further understand the failure process during the tests and the mechanism behind. Results show that ITS decreases across hardway, grain and rift cleavage. Measured average ITS from ring tests is about 2.5~6.4 times of those measured from Brazilian disc tests, and it decreases with increasing ratio of diameters of inner hole and specimen. Failure pattern in ring tests is influenced by both hole size and relative positions of cleavages parallel and perpendicular to the loading direction.
Introduction
Tensile strength is a very important index for rocks in various engineering practice. It can be measured by direct method or indirect method, which is corresponding to the direct tensile strength (DTS) and indirect tensile strength (ITS). Of the two the latter is much more often used in lab testing because of relative more convenience of sample preparation. The most often used indirect measurement method is the Brazilian disc test and the measured strength is call Brazilian Tensile Strength (BTS). Many studies have been done and recent reviews on Brazilian disc test can refer to Li and Wong(2013) , Perras and Diederichs (2014) , Briševac et al. (2015) . The disadvantages of Brazilian disc test are very clear. A long time ago researchers had pointed out that a wedge shaped fractures frequently form close to the loading platens and these fractures are not real tensile failure (Hobbs, 1964) . The stress state at the center of the testing disc is not a purely tensile mode (Fuenkajorn and Daemen, 1986 ). For the case of an isotropic disc under diametrical loading, the absolute value of the compressive stress at the center of disc is three times larger than that of the tensile stress (Hondros, 1959, Chen and Hus, 2001 ). Ring test is a modified Brazilian disc test with a hole at the center of specimen to avoid high compressive stress and therefore the initiation of failure is usually at the inner surface of the ring along the loading diameter. However, the measured strength from ring test is highly dependent on the inner hole size and loading conditions (Hobbs, 1965; Hudson, 1969 Mellor and Hawkes (1971) noted several disadvantages of Brazilian disc and ring test. As a result, neither BTS nor ring test is recommended as a method of measuring the material property "tensile strength" of rock (Hudson et al., 1972) .
Nevertheless, it should be also pointed out that Brazilian disc test and ring test are relatively simple compared to other direct or indirect testing methods. The measured ITS either by BTS or ring test is still a very useful index for evaluating quality of rock especially the intact rock, and tensile strength is also an important parameter for estimating breakdown pressure in hydraulic fracturing (Jo et al., 2013) . Understanding of rock failure process under different testing conditions can also help to know more about the rock. In this study, we mainly focused on ITS of Pocheon granite considering cleavage anisotropy. A large number of Brazilian disc tests and ring tests were performed to compare measured ITS and to address the influence factors. Moreover, 2D DEM (Discrete Element Method) simulation was used to help understand the failure process of rock and the mechanism behind.
Preparation of Pocheon granite specimen
Test material was Pocheon granite taken from Pocheon area in Korea. X-ray diffraction analysis shows that the granite is largely composed of plagioclase (35.9%), quartz (35.7%), microcline (25.8%) and biotite (2.6%). Polarized microscopic observations show many microcracks in minerals especially quartz ( Fig. 1) Park, 2011) . The three planes usually have different grains and microcracks distribution. For Pocheon granite, among the three planes, rift plane has the highest microcrack density and length and therefore its tensile strength is the lowest, whereas the hardway plane has the lowest microcrack density and the highest tensile strength. Considering cleavage anisotropy, testing specimens were cored from the three different directions along the cleavage plane as shown in Fig. 2 worker's experience. Three sets of granite specimens for Brazilian disc tests were prepared according to the ASTM D3967-08 specifications. Each set consisted of 20 discs, with 50 mm in diameter (D), and 25 mm in thickness (t). They were classified into two categories according to the plane under testing. Fig. 3 shows a disc tested along the rift cleavage with a surface plane of grain. All of tests were conducted at a rate of 0.008 mm/s, and plastic cushions were employed in the top and bottom of specimen to minimize stress concentration at the contact areas. For ring test, the same specimens as in the Brazilian disc tests were used and three kinds of inner hole with diameter (d) of 4 mm, 8 mm and 12 mm were drilled in the center of specimen, corresponding to a d/D ratio of 0.08, 0.16 and 0.24, respectively. Test conditions are the same with those in Brazilian disc tests. Table 1 lists measured values of ITS in Brazilian disc tests and ring tests and they are calculated by the following equations (Hudson, 1972) :
based on

Experimental results of BTS & Ring tests
where P is the maximum applied load, d and D are diameters of inner hole and specimen, t is the thickness of specimen. The same data in Table 1 is plotted in Fig. 4 to compare the measured ITS for each testing cleavage. Clearly, rift cleavage has the lowest ITS and hardway cleavage has the highest value. This is due to their different microcrack densities, which had been pointed out in past studies (Kudo et al., 1986; Lee et al., 2001; Park et al., 2004) . Especially, the average BTS of rift is over 2 MPa lower than those of the grain and hardway, while the difference of average BTS between grain and hardway is limited to only 0.63 MPa. In most Brazilian disc tests, specimens were split into two pieces along the testing cleavage as shown in Fig. 3 . The strengths of the same testing cleavage under the two different surface planes are quite close to each other. Similarly, hardway cleavage has the highest ITS and the rift has the lowest one regardless of inner Table 2 shows typical failure patterns in ring tests under different test conditions. Apparently, failure pattern is influenced by not only the hole size but also the relative locations of loading direction and testing cleavage. There is interplay between the two different cleavages in ring test. In case of a small hole size of 4 mm, most specimens failed along the testing cleavage or loading direction (vertical) with an extend "X" shaped failure area of around 10~15 degrees deviation. In case of a large hole size of 12 mm, most specimens failed along both the vertical and horizontal cleavages regardless of loading direction. The specimen split into four pieces with similar sizes. In case of a medium hole size of 8 mm, both of the two types of failure pattern are observed. When the testing cleavage is stronger than its orthogonal cleavage, failures planes generated along both of the two cleavages. Instead, if the testing cleavage is weaker than its orthogonal cleavage, failures are mainly along the testing cleavage. During tests, most specimens broken in an instantaneous process and it is impossible to confirm sequence of multiple failure planes.
To further explain the two types of failure, Figs testing cleavages of rift and hardway with always the same surface plane of grain. The x-axis shows axial displacement of loading platen and y-axis shows mobilized ITS calculated from Equation (2) based the applied vertical load P on the platen recorded during tests. An interesting result is that failure patterns are quite different between the two testing cleavages. When the loading direction is parallel to rift, failures always happen along rift cleavage and its near area, while the orthogonal cleavage of hardway is still intact. This failure is defined as single-cleavage failure. Instead, when the loading direction is parallel to hardway, failures always happen along both hardway and rift cleavages. This failure is defined as double-cleavage failure. Moreover, double-cleavage failure does not correspond to double peaks but a single peak in load-displacement curve, as shown in Figs. 5(b), (d) and (f). Conversely, double peaks in load-displacement curve usually related to two fractures in different directions. And the peak value represents the strength of its corresponding failure plane. The second strength rise means fracture shifts to a new place, which has been proved by DEM simulation results in next section.
2D DEM simulation
In order to help understand tensile induced failure process in Brazilian disc and ring tests and influences of cleavage and inner hole size, 2D DEM simulation was employed. For the influence of cleavage, microcracks were introduced in the simulation.
Simulation method and parameters
Sampling method and main parameters setting referred to the guide book by Itasca (2008). A total of 8182 particles with diameters ranging 0.38~0.62 mm and 16392 parallel bonds were generated in Brazilian disc test. The basic parameters for the particles and the cement (parallel bonds) are listed in Table 3 .
Simulation results of isotropic specimens
In this section, Brazilian disc tests and ring tests with inner hole diameter ranging from 4~16 mm were simulated on isotropic specimens. Figs. 6(a)-(d) show evolutions of indirect tensile strength and induced Despite a common point that tensile cracks start before the first peak ITS, generally, failure propagation process varies for each different test condition. As has been mentioned in past research, failure starts near the loading platen with a wedge shape in Brazilian disc test (Hobbs, 1964) , while in ring test failure starts near the inner hole surface. When comparing only ring tests, failure process is significantly dependent on the inner hole size. For a small hole size of 4 mm, cracks initiate at the inner hole surface and extend to the outer surface quickly within no more than 0.1 mm of axial displacement. Finally two main symmetric fractures were formed along the loading direction. The maximum number of tensile cracks is 304 and for shear cracks it is only 22, which is no more than 7% of the total cracks. When the hole size increases to 8 mm, strength -displacement curve changes pattern and two peaks are observed. The first peak strength is slightly higher than the second one. Similar situations were observed in experiments like the case in Fig. 5(c) . About 100 tensile cracks (1/3 of the total) generated during the first peak and the first drop stage; from the trough point, ITS increases again to the second peak and then decrease again, during this period tensile cracks increase continuously until the strength decreases to 15 MPa. New fractures generated beside the primary two bands of fractures and total failure area is expanded. Finally, when the inner hole size increases to a large diameter of 16 mm, strength -displacement curve also shows two peaks and the first one is smaller than the second one. Experimental result in Fig. 5(e) shows a similar curve despite that the failure pattern is different. Firstly, a pair of symmetric fractures generated along the loading direction around the first peak. After that the mobilized strength decreases to 17 MPa and then increases again, and very few cracks were induced during this stage until the mobilized strength exceeds the first peak. At the second peak, a rightward horizontal fracture generated and finally a symmetric leftward horizontal fracture generated during the after-peak stage. Different from the primary fractures along loading direction where initiation point is near the hole surface, the secondary fractures started at the right and left edges and propagated horizontally towards the hole surface. The specimen is split into four similar-sized pieces, as has been observed in experiments especially for large inner hole size specimens. This result is also agreed with past study by Tang To generate a microcrack inside specimen, a simple way is to remove the bonds at a contact between two particles. That is, to set the values of normal bond and shear bond to be zero. A similar method has been introduced by Schöpfer et al. (2009) . Effect of length of each microcrack is neglected. In this study, all of contacts in specimen were divided into 36 directions with an interval of 10 degree (the horizontal direction rightward is set to zero degree). Then normal and shear parallel bonds at a contact were removed when the contact direction is satisfied with the required conditions. First, three cases of Brazilian disc test with parallel, vertical and random distributions of microcracks compared to the loading direction were simulated, as shown in Fig. 7 . In the parallel case, those parallel bonds dipping within -10° and 10° and its diagonal area were removed, while for the vertical case those parallel bonds dipping within 80° and 100° and its diagonal area were removed. The three cases have the same microcrack density of around 10.5%, which means 10.5% of the total parallel bonds were removed from the specimens. As a result, BTS for the three types of specimen is 6.59 MPa for the parallel case, 8.45 MPa for the vertical case and 7.24 MPa for the random case, respectively. As expected, when most Then, to simulate the case of rift testing cleavage with orthogonal cleavage of grain plane, 10.5% parallel bonds in the loading direction and additional 7.5% parallel bonds in the horizontal direction were removed. Therefore the total microcrack density is 18%. The resulted BTS is 6.02 MPa, which is very close to the measured average BTS (= 6.05 MPa) in experiments. Moreover, simulation results of the above four cases of Brazilian disc tests indicate that the microcrack density as well as direction (including position) has significant influence on BTS.
Finally, a ring specimen of d=8 mm and with 10.5% microcracks vertical to the loading direction was simulated to compare with the case in Fig. 6(c) . A different failure pattern is observed when considering the microcracks. As shown in Fig. 8 , there is only one peak clearly observed in the load-displacement curve. Firstly two symmetric fractures generated along loading direction, and when the ITS decreased to near 30 MPa new cracks dipping around 0° and 160° started from right and left edge while only the left one extended to the surface of inner hole. Finally, three main fractures were formed in the specimen. Based on observation of tensile stress distribution in specimen, it is confirmed that large tensile stress generally shifts to horizontal direction with the development of fractures along the loading direction. As a result, tensile failure is induced in horizontal direction because of existing microcracks. The left and right fracture did not development synchronously because the microcracks distribution are not symmetric. However, if the inner hole size increases, the effect will be minimized and probably symmetric fractures will generate like the case in Fig. 6(d) .
Conclusions
Brazilian disc tests and ring tests with different sizes of inner holes were performed on Pocheon granite considering cleavage anisotropy. 2D DEM simulations were done to help understanding the failure process of the rock and influence factors. Main findings are summarized as: 
